Two brain slices (400 µm thickness) containing the paraventricular nucleus of the hypothalamus (PVH) were prepared using a vibrating microtome (Leica VS 1000, Leica Microsystems, Inc., Bannockburn, IL). Major PVH tissues were then micro-punched out by trimming off the bulk of non-PVH tissues from the slices. The brain sections were treated with aCSF (w/0.6 IU aprotinin/ml), equilibrated with 95% O 2 and 5% CO 2 and incubated at 37°C. After a 1 hr equilibration period in 0.5 ml aCSF (basal period), the PVH tissues were challenged with 56 mM KCl for 1 min. Incubation medium (50 µl) was taken from basal period and KCl stimulated conditions, and then used for measuring glutamate concentrations using an Amplex Red glutamic acid/glutamate oxidase assay kit (Invitrogen) according to the manufacturer's instructions. The resulting increase in fluorescence over time was measured at an excitation of 540 nm and emission of 590 nm using a fluorescence spectrophotometer. Fold increase was calculated by dividing the glutamate concentration with KCl stimulation by that in basal conditions.
AAV vector stereotaxic injections
Both AAV-Cre-GFP and AAV-GFP vectors were purchased from the viral core facility of the University of Pennsylvania. Vglut2 flox/flox mice were anesthetized with isoflurane and were placed into a stereotaxic apparatus (Stoelting, IL). The skull was exposed via a small incision, and a small hole was drilled for injection. AAV-vectors (20nl) were stereotaxically injected into bilateral PVH with coordinates: bregma −0.7 mm; midline ±0.3 mm; dorsal surface −4.5 mm and −4.3 mm using a 0.5 µl Hamilton syringe controlled by a nano-injector (Braintree, MA). The injection speed was controlled at 0.5 nl/min and the syringe was withdrawn 15 min after the final injection.
In situ hybridization
RNAscope Multiple Fluorescent Assay, one novel in situ hybridization (ISH) technique designed to visualize multiple cellular RNA targets in fresh frozen tissues, was used for detecting the colocalization of Vgat, Vglut2 and Mc4r in the brain (Advanced Cell Diagnostics, Hayward, California). Probes against mouse Vgat, Vglut2 and Mc4r mRNA were generated and pre-labeled with different fluorescent reagents. All ISH procedures were performed following the protocol provided by the manufacturer. Briefly, fresh frozen brain tissues were sectioned with cryostat at 15μm thickness and placed onto SuperFrost Plus slides. After fixed with pre-chilled 10% formalin at 4°C for 1 h, the sections were dehydrated with grade ethanol and stored overnight in 100% ethanol at -20°C. All sections were then air-dried for 30 min, pretreated with Pretreat 3 solution for 20 min at room temperature (RT), and followed by 2 hr incubation with pre-mixed target probes at 40°C. After 2 times washes, all slides were sequentially incubated with Amp-1FL for 30 min, Amp-2FL for 15 min, Amp-3FL for 30 min, and Amp-4FL for 15 min at 40°C. Finally, all slides were cover-slipped with Prolong Gold antifade reagent. Sections were photographed with a TCS SP5 confocal microscope (Leica, Nussloch, Germany).
The digoxigenin-labeled cRNA probes were generated against mouse Vglut2 or Mc4r mRNA, and ISH was also performed as we previously described for validating the deletion of Vglut2 or restoration of Mc4r mRNA in Sim1 neurons (Xu et al., 2012 and 2013; Kishi et al., 2003) . Briefly, free-floating brain sections were fixed with 4% paraformaldehyde in diethylpyrocarbonate(DEPC)-treated PBS, pH 7.0., and then incubated with 3% H 2 O 2 and followed by proteinase K treatment (2 μg/ml; Roche Applied Bioscience, Indianapolis, IN). After the fixation again in 4% paraformaldehyde, the sections were treated for 10 min with 0.25% acetic anhydride in 0.1 M triethanolamine-HCl, pH 8.0. Then pre-denatured cRNA probes diluted in hybridization buffer (500ng/ml) were applied to the tissues for overnight at 60 °C after 1 h prehybridization. Following thoroughly rinsed with 0.3% Triton X-100, 0.15 M NaCl, 100 mM Tris-HCl, pH 7.5 (TNT buffer), the sections were blocked with 5% normal sheep 
Food Intake Measurements
In young mice, all study subjects were individually housed after weaning, and daily food intake was monitored for 1 week after 3 days acclimation.
Body weights of these mice were also recorded at the beginning and end of the measurement period. In adult mice (19-20 weeks old), all study subjects were preacclimated for at least 1 week in single housing conditions, and then daily food intake was monitored for 1 week. For both age groups, daily food intakes were calculated as the mean values of the one week measurement. All housing cages were changed daily during the measurement period.
Energy Expenditure Analysis Energy expenditure was measured by oxygen consumption using indirect calorimetry. Individual housed mice maintained on chow diet at the age of 4-5 weeks were placed at room temperature (22°C-24°C) in chambers of a Comprehensive Lab Animal Monitoring System (CLAMS, Columbus Instruments, Columbus, OH). Food and water were provided ad libitum. Mice were acclimatized in the chambers for at least 48 hours prior to data collection.
MTII action on energy expenditure
Mice, at 4-5 weeks of age, were acclimated in CLMAS chambers for at least two days.
As previously described (Balthasar et al., 2005) , all mice were intraperitoneally (ip) injected with normal saline at 12:00 pm on day 1; their food was removed and the O 2 consumption was measured for the ensuring 2 h. On day 2, all mice were ip injected with 200μg MT-II (H3902, Bachem, Torrance, CA) at 12:00pm, their food was removed and O 2 consumption was monitored for the ensuring 2 h. 
